We have previously shown that lens regeneration from the pigmented epithelium of the dorsal iris in the adult newt eye proceeds in two steps after lens removal or intraocular FGF2 injection. The FGF2-dependent proliferation of iris pigmented epithelium and activation of early lens genes that occur over the entire circumference of the iris comprise the first step, while subsequent dorsally confined lens development marks the second step. Here, we investigated the expression of Wnt and Wnt receptor Frizzled genes in lens-regenerating iris tissues. Wnt2b and Frizzled4 were activated only in the dorsal half of the iris in synchrony with the occurrence of the second step, whereas Wnt5a and Frizzled2 were activated in both halves throughout the period of the first and second steps. Cultured explants of the iris-derived pigmented epithelium in the presence of FGF2 underwent dorsal-specific lens development fully recapitulating the in vivo lens regeneration process. Under these conditions, Wnt inhibitors Dkk1, which specifically inhibits the canonical signal pathway, and/or sFRP1 repressed the lens development, while exogenous Wnt3a, which generally activates the canonical pathway like Wnt2b, stimulated lens development from the dorsal iris epithelium and even caused lens development from the ventral iris epithelium, albeit at a reduced rate. Wnt5a did not elicit lens development from the ventral epithelium. These observations indicate that dorsal-specific activation of Wnt2b determines the dorsally limited development of lens from the iris pigmented epithelium.
Introduction
Total regeneration of experimentally excised lens from the dorsal part of the iris pigmented epithelium of newts has been a key model of tissue regeneration via cells originating from a foreign tissue, and a number of experimental approaches have been taken to characterize this regeneration process (Mikami, 1941; Reyer, 1954; Yamada, 1966; Eguchi, 1967 ). An important conclusion was the tissue autonomy of the pigmented epithelium of dorsal iris, namely even after grafting iris fragments in an eye chamber (Reyer, 1954) , or placing pigmented epithelial explants under tissue culture conditions (Okamoto et al., 1998; Hayashi et al., 2002) , only dorsally derived pigmented epithelial tissues develop lentoids. Due to this strict spatial restriction of the lens origin in the newt iris, it has often been assumed that all cellular processes to initiate lens regeneration occur only in the dorsal iris.
However, reinvestigation of the process of lens regeneration in the newt eye, with examination of the expression of lens differentiation-associated transcription factors and signaling molecules in addition to morphological alterations and BrdU incorporation, clearly indicated that lens regeneration from the newt iris proceeds through two major steps after lens removal (Mizuno et al., 1999; Hayashi et al., 2004) . The first step is cell proliferation at the pupillary margin, thickening of the iris tissue, and augmentation of the expression of early lens transcription factors Pax6, Sox2, and MafB. The response of cells to the lens removal in this first step occurs over the entire circumference of the iris tissue. The second step is development of the transparent lens from the iris, accompanied by the expression of late lens transcription factors Sox1 and Prox1, and followed by b-crystallin expression. It is this second step that occurs exclusively in the dorsal iris.
We further demonstrated that the first step of the lens regeneration process is initiated by the action of FGF2, based on the following evidence (Hayashi et al., 2004) : (1) after lens removal, expression of Fgf2 is uniquely augmented among various Fgf genes; (2) intraocular injection of a soluble form of FGF receptor (FGFR2(IIIc)/Fc) interfering with FGF2 action inhibited all responses to lens removal characteristic of the first step of lens regeneration; and (3) injection of FGF2 into an eye chamber of a normal eye specifically elicited all the molecular and cellular reactions involved in the first step, including the activation of endogenous Fgf2 expression in the entire iris tissue. None of the other FGFs tested had this activity. This response to exogenous FGF2 caused the development of a second lens from the dorsal iris, perfectly mimicking the lens regeneration process. In addition to this ability of FGF2 to initiate the first step of lens regeneration, FGF activity is also required for later events of the lens regeneration process (Del Rio-Tsonis et al., 1997; McDevitt et al., 1997; Del Rio-Tsonis et al., 1998; Hayashi et al., 2002 Hayashi et al., , 2004 .
It was also noted that the first step responses elicited by exogenous FGF2 were indistinguishable between the dorsal and ventral iris, in contrast to the somewhat stronger reactions in the dorsal iris after lens removal. This suggests that after lens removal the source of FGF2 to initiate the first step of lens regeneration is localized to the dorsal side of the eye. However, this cannot be the mechanism by which lens regeneration occurs only from the dorsal pupillary margin of the iris, because even under the condition of the uniformly activated first step process after FGF2 injection, the second lens developed only from the dorsal iris (Hayashi et al., 2004) .
In the present study, we investigated the mechanism underlying dorsal iris-specific lens development in the second step of lens regeneration from the pigmented epithelium. We speculated that signaling molecules that can only act over a short range are involved in this dorsal-specific lens-regenerating reaction. Wnt proteins were strong candidates for such molecules, as previous studies indicated that inactivation of the Wnt co-receptor LPR5 impairs lens development (Stump et al., 2003) , and Wnt signaling promotes lens maturation (Lyu and Joo, 2004) . We thus investigated the expression of Wnt genes and Wnt receptor Frizzled genes in iris tissue after lens removal or intraocular FGF2 injection.
We show here that activation of the canonical Wnt signal activates the lens developmental program in the pigmented epithelium of the iris after FGF2 treatment, and even allows lens development from the ventral iris-derived pigmented epithelium. The results indicate that dorsal irisspecific activation of Wnt2b is likely to be the major cause of dorsal iris-specific derivation of the regenerating lens.
Results

Expression of Wnt and Frizzled genes in the newt eye and lens-regenerating iris
From the total RNA of tail-bud stage newt embryos, Wnt2b, Wnt3, Wnt3a, Wnt4, Wnt5a, and Wnt5b cDNAs were amplified by RT-PCR using degenerate primers. The identity of these cDNA clones was confirmed by nucleotide sequence determination. Frizzled2, 4, and 10 cDNAs of newt were also cloned similarly.
Iris tissues were excised from eyes at various times after the removal of the lens or intraocular injection of FGF2, cut into dorsal and ventral halves. RNAs were extracted from pools of these iris fragments and used for examination of gene expression by RT-PCR, comparing the dorsal and ventral halves (Fig. 1A) . As the entire regeneration process proceeds 2 days sooner after FGF2 injection compared with after lens removal (Hayashi et al., 2004) , specimens were collected considering this 2-day difference. Among the Wnt genes examined, Wnt2b (which acts through the canonical Wnt signaling pathway) and Wnt5a (which acts through non-canonical signaling pathways) were the only Wnt transcripts detected in the iris tissues of lens-removed or FGF2-injected eyes (Fig. 1Ba) .
It was remarkable that Wnt2b expression was activated only after removal of the lens (after 8 days) or after FGF2 injection (after 6 days), and predominantly in the dorsal half of the iris tissue (Fig. 1B) . In contrast, Wnt5a was already expressed at a low level in both halves of the iris tissue of the normal eye. After the lens removal or intraocular FGF2 injection, the expression level of Wnt5a was augmented very quickly (by 4 days after lens removal and 2 days after FGF2 injection) and equally in both the dorsal and ventral halves, and this augmented Wnt5a expression level was maintained throughout the period of the lens regeneration process.
Not only these Wnt genes, but also Wnt receptor Frizzled genes were regulated in a manner responding to the removal of the lens or intraocular FGF2 injection (Fig. 1Bb) . In particular, Frizzled4 was activated only after lens removal/FGF2 injection and was confined to the dorsal half of the iris, similar to the activation pattern of Wnt2b but occurring slightly later, paralleling lens differentiation as indicated by bB1-crystallin expression (12 days after lens removal). In contrast, Frizzled2 was expressed at a low level in the normal iris in both the dorsal and ventral halves, and its expression level gradually increased in both halves of the iris after lens removal/FGF2 injection (Fig. 1B) .
Injection of an FGF2 inhibitor (FGFR2(IIIc)/Fc) into the eye chamber completely inhibited the response of these Wnt and Frizzled genes to lens removal: activation of Wnt2b and Frizzled4 did not occur, and the expression levels of Wnt5a and Frizzled2 remained low in both halves of the iris (Fig. 1B) . As reported previously (Hayashi et al., 2004) , this treatment completely inhibits the entire lens regeneration process, as indicated by the absence of bB1-crystallin expression (Fig. 1B) .
The strong correlation of Wnt/Frizzled expression in the iris tissue with the progression of the lens-regenerating process, in particular the dorsal iris-limited activation of Wnt2b and Frizzled4, lends support to the notion that Wnt signals are involved in the regulation of lens regeneration.
Inhibition of Wnt signals abrogates lens development from the pigmented epithelium of iris
To investigate the involvement of Wnt signals in the regulation of the lens regeneration from iris tissues, we adopted the in vitro culture of isolated iris pigmented epithelium on type I collagen gel in medium supplemented with FGF2 (Hayashi et al., 2002) . The dorsal and ventral 135°sectors of iris were isolated, pigmented epithelia were freed from stroma adhering to the corneal side by Dispase treatment, and the pigmented epithelial cell sheet derived from an iris fragment was placed on a collagen gel ( Fig. 2A) . The gel The scheme of analysis. At various times after lens removal or intraocular injection of FGF2 to initiate lens development from the dorsal iris, irises were isolated from eyes, divided into dorsal and ventral halves and subjected to RNA extraction, and then 100 ng each of RNA derived from 20-40 pooled specimens was analyzed by RT-PCR for expression of Wnt and Frizzed genes. Among the Wnt, and Frizzed genes expressed in the adult eye tissues listed in the right panel, Wnt2b, Wnt5a, Frizzled2, and Frizzled4 were found to be expressed in the lens-regenerating iris tissue. (B) The time course of expression of Wnt2b, Wnt5a, Frizzled2, and Frizzled4 genes after lens removal (left) or FGF2 injection (right) in comparison with the morphological changes of the iris tissue indicated as schematized section images on the top, together with the corresponding periods of the two steps of the lens regeneration process. As the lens-regenerating process proceeds 2 days faster after FGF2 injection, compared with after lens removal (Hayashi et al., 2004) , all samples were prepared 2 days earlier after FGF2 injection (right). The samples of day 16 * after lens removal represent those in the presence of FGF2 inhibitor FGFR2(IIIc)/Fc, indicating that all morphological and biochemical changes after lens removal are lost. In the right-most two columns, PCR products derived from 100 ng of lens or retina cDNA are shown as references. (a) Only in the dorsal half of the iris, Wnt2b began to be expressed 8 days after lens removal or 6 days after FGF2 injection, which was prior to the progression of the lens regeneration process into the second step (Hayashi et al., 2004) , and the expression level increased gradually. Wnt5a was expressed moderately in both dorsal and ventral iris from before the treatments, and was activated further in both halves shortly after the lens removal/ FGF2 injection. (b) Frizzled2 was expressed at a low level in both halves starting before the treatments, and its expression level increased gradually in both halves after the treatments. Frizzled4 was expressed at a trace level in both halves of the normal iris, but was activated strongly only in the dorsal half 12 days after lens removal or 10 days after FGF2 injection, when the lens regeneration process proceeds into the second step (Hayashi et al., 2004) . (c) Expression of bB1-crystallin indicating lens development.
form collagen, which can be replaced by Matrigel matrix, is essential for this culture, as coating the dish with non-gel form type I collagen caused the pigmented epithelial cells to grow continuously as a spreading sheet, without eliciting lens development as described below. This culture involves only isolated pigmented epithelium and does not involve grafting of a tissue, e.g., in an ocular chamber, and hence provides a straightforward means to study signaling systems directly acting on the regulation of pigmented epithelial cells.
Under these culture conditions, lens development proceeded with a time course reflecting the in vivo regeneration process: a de-pigmented cell population appeared at the periphery of the cell mass produced from the pigmented epithelial cell sheet after 7 days of culture, and a morphologically recognizable transparent lentoid expressing b-crystallin appeared in half of the dorsal iris-derived pigmented epithelium after 14 days. After 26 days of culture, a b-crystallin-positive large lens cell mass developed from the majority of the explants of pigmented epithelium of From the isolated iris, dorsal and ventral 135°sectors were excised, the pigmented epithelial tissue from each sector was freed from stromal tissue after treatment with Dispase, and placed in a culture well containing FGF2. Wnt inhibitors Dkk1 or sFRP1, or soluble Wnt3a or Wnt5a, were added to the culture medium as concentrated conditioned medium, and the effect of their addition on lens development was examined using anti-bcrystallin-stained histological sections after 26 days of culture. (B) Effect of Wnt inhibitors. The control panels (left) show specimens cultured with conditioned medium of normal COS7 without Wnt inhibitor expression. With FGF2, the majority of pigmented epithelial explant derived from the dorsal sector developed lens tissue, which was stained by anti-b-crystallin (reddish staining), and this lens development was repressed by the addition of Wnt inhibitors. The denominator in the parentheses indicates the number of epithelial explants examined and the numerator the pieces with a lentoid. The bar indicates 100 lm. (C) Effect of soluble Wnt proteins. The control panels (left) show specimens cultured with normal L-cell conditioned medium without Wnt expression. Wnt3a strongly promoted lens development, causing production of very large lentoids in the dorsal sector-derived pigmented epithelium and elicitation of lens development from the ventral iris. Wnt5a did not cause lens development in the ventral sector-derived pigmented epithelium. dorsal iris (8/9 explants, Fig. 2B ), but never from the ventral iris (0/8). This dorsal pigmented epithelium-derived lens development did not occur without addition of FGF2 (0/9 explants). The culture medium included 10% fetal bovine serum to improve viability of the cells, but the presence of serum did not affect dorsal-limited lens development from the isolated pigmented epithelium. Even in a serum-free medium containing FGF2, 88% (14/16) of dorsally derived pigmented epithelium explants developed lenses, while none (0/16) from the ventrally derived pigmented epithelium explants did, but under these conditions the majority of the cells were dead and detached from the cell mass by the end of the culture period.
When Wnt inhibitors Dkk1 or sFRP1 were added to the culture of iris pigmented epithelium as concentrated conditioned medium of COS7 cells expressing these inhibitors, they strongly inhibited lens development: lens developed in 0/9 explants of the dorsally derived pigmented epithelium with Dkk1 (Fig. 2Bb) , 1/9 with sFRP1 ( Fig. 2Bc) , and 0/9 with Dkk1 plus sFRP1 (Fig. 2Bd) . The effect of Wnt inhibitors in this experiment was controlled for by using conditioned medium of normal COS7 cells (Fig. 2Ba) , and in addition, identical results of dorsal-restricted lens development from the iris pigmented epithelium were obtained with and without using such conditioned medium (data not shown). The single exceptional case of lens development with sFRP1 was actually a very tiny lentoid. No lens developed in the ventrally derived pigmented cell masses under these conditions. These observations clearly indicate that lens development from the dorsal iris is dependent on Wnt signals.
2.3. Canonical Wnt signal activates lens development from the pigmented epithelium of the iris even from the ventral sector As Wnt2b, which activates canonical Wnt signaling in retinal development (Kubo et al., 2003; Liu et al., 2003) , and Wnt5a, which is involved in non-canonical signaling pathways (Logan and Nusse, 2004) , are both activated in the iris tissues of lens-removed or FGF2-injected eyes, we investigated the action of each class of Wnt protein in the iris-derived pigmented epithelium employing a culture system. As an L cell-based system to produce soluble, active forms of Wnt3a and Wnt5a has been established (Shibamoto et al., 1998; Takada et al., 2005) , we used these as representative Wnt proteins dedicated to canonical and noncanonical signaling pathways, respectively. The activity of L cell-produced Wnt proteins has been confirmed by demonstrating their ability to induce Dishevelled phosphorylation (Takada et al., 2005) .
Addition of Wnt3a to the FGF2-containing culture medium caused remarkable effects on the iris-derived pigmented epithelium. Significantly larger lenses were produced from the dorsal pigmented epithelium (Fig. 2C) . Most strikingly, lenses were produced even from the ventral pigmented epithelium.
The size difference of the lens tissues that developed upon the addition of exogenous Wnt3a was remarkable, as we showed by measuring the rough diameter of the lens tissues as the average of the major and minor axes of the ellipsoidal b-crystallin-positive area using serial sections (Table 1) . Even after the initial 14 days of culture with Wnt3a, a lentoid (with a mean diameter of 212 ± 31 lm) was observed in three-quarters (9/12 explants of dorsal iris pigmented epithelium explants, whereas only one-third (3/ 9) of the explants without Wnt3a possessed a lentoid (with a mean diameter of 123 ± 14 lm), suggesting an acceleration of lens development by Wnt3a. After 26 days of culture, the mean diameter of lentoids that developed in the presence of exogenous Wnt3a was 435 ± 27 lm, while that without Wnt3a was 225 ± 27 lm, indicating the production of a seven-times larger lens tissue volume in the presence of Wnt3a.
Development of lens tissue from the ventral iris-derived pigmented epithelium was observed in 30% of cases (5/16 explants) in the presence of exogenous Wnt3a, and once produced, the lens tissue mass was comparable in size to those produced from the dorsal pigmented epithelium without an exogenous Wnt3a supply (Fig. 2C, Table 1 ).
Addition of Wnt5a to the culture medium did not elicit lens development from the ventral iris-derived pigmented epithelium. Interestingly, however, Wnt5a promoted the development of larger lenses (314 ± 23 lm at 26 days) than were formed without it, although the effect was much weaker than that of Wnt3a. Pigmented epithelial sheets derived from either dorsal or ventral 135°sector of the iris were cultured in the presence of FGF2, and the development of a lentoid was assessed by immunostaining of serial histological sections for b-crystallin. The average diameter of the lentoid tissues in lm is shown with standard deviations. The numbers in parentheses indicate the cases with lens development (numerator) versus the pigmented epithelial explants placed in culture (denominator).
Simultaneous addition of Wnt3a and Wnt5a did not potentiate the effect of Wnt3a alone (Fig. 2C, Table 1 ). The effect of exogenous Wnt proteins was completely lost and no lens tissue was produced even from the dorsal iris pigmented epithelium when FGF2 was omitted from the culture medium, indicating an absolute requirement for the FGF signal in order for action of Wnt proteins to promote pigmented epithelium-derived lens development.
Taken together, the effects of Wnt inhibitors and Wnt3a indicate that Wnt signaling through the canonical pathway has an essential and determinative role in the second step of lens regeneration, including the positional determination, namely, from where in the iris the lens is to be regenerated.
Discussion
In our previous study investigating the process of lens regeneration from the pigmented epithelium of the dorsal iris in the newt using molecular markers, we demonstrated that the process proceeds through two major steps (Mizuno et al., 1999; Hayashi et al., 2004) (Fig. 3): (1) FGF2-triggered initiation of proliferation, depigmentation at the papillary margin, and activation of the early lens transcription factor genes Pax6, Sox2, and MafB; and (2) dorsal iris-specific lens development, involving the activation of late lens transcription factor genes Prox1 and Sox1 and the expression of b-crystallins. In the present study, we demonstrated that this second step is dependent on the Wnt signal, and obtained evidence that the dorsal-specific activation of the Wnt signaling system determines the dorsal limitation of iris-derived lens regeneration.
Among the Wnt genes examined, only Wnt2b and Wnt5a were found to be expressed in the iris tissues of lens-removed or FGF2-injected eyes. Addition of Wnt inhibitors Dkk1 and/or sFRP1 efficiently inhibited lens development from the explants of dorsal iris pigmented epithelium in cultures supplemented with FGF2, which otherwise developed lenses following exactly the same time course as in vivo lens regeneration (Fig. 2B) . It should be noted that Dkk1, which specifically interferes with the canonical Wnt pathway (Mao et al., 2001; Zorn, 2001) , alone was sufficient for totally inhibiting lens development from the dorsal iris pigmented epithelium, indicating that canonical Wnt signals are required for the progression of the second step of lens regeneration. It was remarkable that Wnt2b, acting through the canonical Wnt signaling pathway, was activated only after lens removal/FGF2 injection and was confined to the dorsal part of the iris. This prompted us to hypothesize that the canonical pathway of Wnt signaling has a determinative role in the second step of the lens regeneration process.
As Wnt3a and Wnt5a were the only Wnt proteins available as soluble forms, they were used to represent Wnt proteins primarily activating canonical and non-canonical Wnt pathways, respectively (Logan and Nusse, 2004) . Wnt3a when added to the explant cultures of iris pigmented epithelium indeed exerted dramatic effects: lens development from the dorsal pigmented epithelium was accelerated and enhanced, resulting in the production of lens tissue with seven times larger volume at 26 days of culture. Moreover, Wnt3a elicited lens development even in the ventral part of the pigmented epithelium (in one-third of explants), and once the lens tissue was formed, its size was comparable to the lentoid derived from the dorsal pigmented epithelium with Wnt3a supplementation, indicating that even the ventral pigmented epithelium has the potential to give rise to lens tissue when an appropriate Wnt signal is provided (Fig. 2B) . Although the effect of Wnt2b was not tested directly, a similar effect to that of Wnt3a would be expected, if analogous experimental conditions were used. Wnt2b expressed in the dorsal iris late after lens removal/FGF2 injection in the eye thus appears to be the major player in driving the lens development from the iris pigmented epithelium, and to act in limiting the site of lens development to the dorsal iris.
Concentrated conditioned media containing Wnt inhibitors or Wnt3a/5a proteins were also injected into the eye chamber during the lens regeneration process, in an attempt to extend the observations made using in vitro cultures; however, no appreciable effect was observed. The Fig. 3 . The two steps of the lens-regenerating process deduced from the series of studies reported by Hayashi et al. (2004) and in this paper. The first step initiated by the action of FGF2 proceeds over the entire circumference of the iris pigmented epithelium, involving cell proliferation, thickening of the tissue with some loss of pigments, and expression of early lens transcription factors Pax6, Sox2, and MafB. In normal lens regeneration, the second step proceeds but is confined to the dorsal iris, owing to the dorsal-restricted expression of Wnt2b, as reinforced by the more abundant expression of Wnt receptors in the dorsal sector (Frizzled2 plus Frizzled4) compared to ventral expression of Frizzled2 only. injected proteins might have been trapped in matrices of eye tissues. In any case, this result underscores the importance of the in vitro culture system of the iris pigmented epithelium employed in this study.
We also attempted to locate Wnt2b-expressing cells in iris tissues using in situ hybridization, but heavy pigmentation of both the epithelium and stroma interfered with signal detection. However, the observation that dorsally derived pigmented epithelium freed from the stroma alone was sufficient for lens development under the culture conditions used strongly argues for a model in which Wnt2b is expressed in the dorsal part of the pigmented epithelium per se.
The lens-producing potential of the ventral iris pigmented epithelium was thus demonstrated; however, there was a significant difference in the responsiveness toward exogenous Wnt3a: dorsal pigmented epithelium responds very strongly to Wnt3a, whereas ventral pigmented epithelium is more refractory, suggesting a regional difference in the receptor activity or more downstream systems. As shown in Fig. 1Bb , Frizzled2 was expressed in normal iris, and its expression level increased gradually after removal/ FGF2 injection in both halves. In sharp contrast, Frizzled4 was activated only in the dorsal iris, when the second step of the lens regeneration process was initiated. Thus, in the second step, the dorsal pigmented epithelium of the iris expresses both Frizzled2 and Frizzled4, but the ventral pigmented epithelium expresses only Frizzled2. This difference in Wnt receptor expression likely causes differential responsiveness of the pigmented epithelium of iris to Wnt signals, and thus assists the dorsal limitation of the origin of iris-derived lens regeneration. There is a recent report describing lens development from ventrally derived iris fragments after treatment under artificial conditions, e.g., Six3 overexpression by vector transfection combined with retinoic acid treatment and grafting in a lens-removed eye chamber (Grogg et al., 2005) . It will be interesting to learn if such treatments activate Wnt signaling cascades in the ventral iris fragment.
How, then, is Wnt2b specifically activated in the dorsal part of the iris? In the early stages of eye development in chicken and mouse embryos, Wnt2b is expressed in the marginal tip of the developing retina, from which the pigmented epithelium of iris derives, and its expression is significantly higher in the dorsal part (Zakin et al., 1998; Jasoni et al., 1999; Kubo et al., 2003) . If the same regulatory system operates in the newt embryo, it is possible that this early embryonic regulation of Wnt2b in the retinal margin is reactivated on the occasion of lens regeneration from the iris pigmented epithelium in the adult newt. This model could be tested by the analysis of Wnt2b regulatory sequences coupled with transgenesis of newts (Ueda et al., 2005) .
Through the series of studies reported here and earlier by Hayashi et al. (2004) , we have successfully characterized the two major steps of lens regeneration (Fig. 3) : the first FGF2-dependent step, which occurs over the entire circumference of the iris, and the second Wnt-dependent step elicited by the action of Wnt2b specifically activated in the dorsal side of the iris tissue. This local activation of Wnt2b, reinforced by the localized expression of Wnt receptors, determines the dorsal-limited origin of lens regeneration from the iris pigmented epithelium.
Experimental procedures
Experimental animals
Adult Japanese red-bellied newts (Cynops pyrrhogaster) were purchased from Hamamatsu Experimental Animals, and used for experimental regeneration of the lenses. Surgical operation to remove a lens from an eye or injection of FGF2 (Sigma) or FGFR2(IIIc)/Fc (R&D) into the posterior eye chamber through the sclera using a fine glass pipette (Hayashi et al., 2004) was done under anesthesia with 0.1% MS222.
Isolation of Wnt and Frizzled cDNAs of newt
Total RNA was extracted from tail-bud stage (stage 36) newt embryos using TRIzol (Invitrogen), and cDNAs were synthesized from 100 ng of RNA using random primers and Superscript III (Invitrogen). By PCR using degenerated primers for the conserved regions of Wnt and Frizzled sequences, the following cDNA sequences of newt were isolated (and subsequently were deposited to DDBJ/EMBL/GenBank databases):
, and Frizzled10 (AB201957).
RT-PCR analysis of iris RNA
Total RNA was extracted from pools of dorsal or ventral half pieces of iris excised from eyes (40 pieces each from normal eyes, and 20 pieces each from lens-removed or FGF2-injected eyes), and RT-PCR reactions were carried out using 100 ng of total RNA and the following primer sets (forward vs. reverse):
0 , 5 0 -CAGCTTCCCCCGGCT GTTCAGC-3 0 ), Frizzled2 (5 0 -CGGAAGCCCGGGTCTTCTCAC-3 0 , 5 0 -CGAACCGCGTCTCTTCTGCAGTG-3 0 ), Frizzled4 (5 0 -GCCTACA TTGTCCGTCTGACC-3 0 , 5 0 -GTTAGGGCGTCAATGTTCTGG-3 0 ), and ßB1-crystallin (5 0 -GGATACCTGGTCTAACAG-3 0 , 5 0 -GCCACTG CATGTCCCTG-3 0 ). The PCR products were electrophoresed and stained with SYBR GREEN I (Molecular Probes).
Explant cultures of iris pigmented epithelium
After animals were anesthesized in 0.1% MS222, eyeballs were isolated and sterilized in 5% Lugol solution in 70% ethanol for 10 s. The whole irises were isolated from the eyeballs, and then dorsal and ventral 135°sectors of iris pieces were separated. The iris pieces were treated with 1000 units/ ml Dispase (Godo Shusei) for 6 h at 27°C, and the sheets of pigmented epithelium were freed from iris stroma using fine forceps. Each piece of pigmented epithelial sheet was placed in a well of 1 cm diameter on type I collagen gel in 300 ll of culture medium consisting of 60%-strength of L-15 medium (Okamoto et al., 1998) plus 10% fetal bovine serum as described by Hayashi et al. (2002) , with various supplements indicated in the main text of this paper. FGF2 was added to the medium at 100 ng/ml, when indicated. The serum-free medium contained N-2 supplement (Gibco) replacing the fetal bovine serum. In some experiments, type I collagen gel was replaced by Matrigel matrix (BD Biosciences). The medium was changed every 2 days and the culture was continued up to 26 days. The cell mass derived from the pigmented epithelial sheets was fixed in 4% paraformaldehyde, embedded in paraffin, serially sectioned, processed for immunostaining of b-crystallin using mouse monoclonal antibody (Sawada et al., 1993) and alkaline phosphatase-conjugated anti-mouse antibodies, and Fast Red for color development, then counterstained with hematoxylin, as detailed by Hayashi et al. (2004) .
Conditioned media containing soluble Wnt proteins or Wnt inhibitors
Wnt3a and Wnt5a proteins were overexpressed using the respectively transfected L-cells, and soluble Wnt3a and Wnt5a proteins were collected as conditioned media, as described by Shibamoto et al. (1998) and Takada et al. (2005) . Xenopus Dkk1 (Glinka et al., 1998) and human sFRP1 (Uren et al., 2000) were overexpressed in transfected COS7 cells using a pCAGGS expression vector (Sawicki et al., 1998) and Lipofectamine 2000 (Invitrogen), and the respective conditioned media were collected after incubation for 48 h. The conditioned media were concentrated 30-fold using an AmiconUltra centrifugal filter (Millipore), and diluted 30-fold in the cultures of iris pigmented epithelium explant.
